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ABIISTRACT

, lMeaistromonts on Ila'liO coramic wore made, of' Invwrse ditloctric
constanit verstus tlnaxI•|l sýlr'a in for values of stIrain ranging 1htwetll

-0.0043 and -0.013, 'rh stri•In was producmd In the region behind a
shock front gonerated in a slab of the material 1 by Impacting it with a
ftlying plate. The plate was accelerated In a gas gun, The slabs were
disks with electrodes on the flat surfaces. The normal stress produc-
ing these strains ranged between 8.5 and 26 khnrs. The dielectric Con-
stant was obta.tnod from uscillograms of the shock-induced d¢polariza-
tlion current through a circuit connecting the electrodes, A straight
line was fitted to the curve of Inverse dielectric constant versus
strainn, The slope of the line was-0,l1 * 0.04. Therip-dynamic thoory
was used to calculate this slope assuming the materiat was in the para-
electric phase for the range of experimental shock piessures. The
calculated value was-0,13. The calculated value is in agreement with
the experimental value and the assumption that the material is in the
paraelectric phase for shock pressures between 8.S and 26 kbarr, The
agreement implies that the transition at approximately room temperature
is produced by a shock pressure less than or equal to about 8,5 kbars.
This is markedly different from the experimental results for h)ydro-
static pressure where the transition occurs at 20 khars at room
temperature, and the material is in its paraelectric phase above 20 kbars,
In both cases the temperature is approximately room temperature. The
transition strain and shock pressure was calculated using thermodynamic
theory and assuming that the transition could be approximated as a
second order one. The result was a transition strain of -0.0044 and a
transition Mhock pressure of 8.6 kbars. This is consistent with the
preceding results and also supported by experimental findings by Doran
who observed a discontinuity in sound velocity at that shock pressure.

3



CONTENTS

ABSTRACT .............................. ... ... .... . 3

1. INTROD UCTION ........ ................... ... . ... . . 7

2. THERMODYNAMIC TILRORY ............. . ........... ......... . 9

3. THEORY OF MEASUREMENT ................. * .... .... ........ . 13

4. EXPERIMENTS AND RESULTS ............ ............ 16

5. COMPARISON OF THEORY AND EXPERIMENT ... ........ .. 19

6. CONCLUSIONS AND DISCUSSION ....... ....... .. ...... 23

7. LITERATURE CITED ........... *.* ............... 26

ILLUSTRATIONS

Figure 1. Barium titanate ceramic disk with electrodes ........ 14

Figure 2. Cross section of disk ....................... ........ 15

Figure 3. Experimental measurement arrangement ................ 17

Figure 4. Current waveforms .................. *.............. 18

Figure 5. Plot of experimental results......................... 24

TABLES

I. Results of Measurements ..................................... 20

II. Values of Qll, Q121 and gll for ceramic barium titanate .... 21

5



1. INTRODUCTION

Almost all solid materials undergo a yield under sufficiently
high shock compression. This yield manifests itself as a change in
slope of the shock pressure versus compression curve. The pressure
at which yielding occurs is called the Hugoniot Elastic Limit (HEL),
and is characteristic of the particular material. When the shock
pressure is cousiderably above the HEL, the configuration of stress
and strain can generally be assumed to apcoximate those produced- by
hydrostatic pressure (ref I). A polymorphic ilid-solid transition,
which occurs at a shock pressure considerably above the HEL, can
reasonably be expected also to be produced by a hydrostatic pressure
equal in magnitude. This expectation has been verified in several
instances (ref 2-4). Below the HEL, however, the strains behind the
shock front can no longer be expected to approximate those due to
hydrostatic loading. The strain now is uniaxial, involving no plastic
flow and no molecular rearrangement (provided there is no transition).
The stresses are no,., determined by the elastic stiffness coefficients
and the requirement that the strain be uniaxial. In general, this
means that it would be coincidental if below the HEL a phase transition
produced by a certain hydrostatic pressure would also be produced by
a shock pressure of the same magnitude, since the transition pressure
depends on the relative free energy of the competing phases and the
free energy depends on the stresses and strains.

The phase transition considered in this report is the ferro-
electric-paraelectric transition in BaTiO3 . The material is a ferr:-
electric with a tetragonal structure below approximately 1200 C
(at atmospheric pressure) and a paraelectric material with a cubic
structure above 120 0 C. The material used in the experiments described
is the polycrystalline ceramic, composed of relatively small crystals
sintered together. The density is within a few percent of the crystal
density. Increasing hydrostatic pressure reduces the transition
temperature of both single crystal and ceramic at a rate of about 40C
per kbar. This was first observed by Merz (ref 5) and has been
thoroughly investigated by Samara (ref 6). At room temperature, the
ferroelectric-paraelectric transition occurs when a hydrostatic
pressure of 20 kbars is applied to either the ceramic or the single
crystal material (ref 6-10). The pressure at which this transition
takes place and also the slope of the inverse dielectric constant versus
hydrostatic pressure curve can be calculated from thermodynamic theory,
and the results obtained are generally in agreement witlh the results
of the hydrostatic measurements.

In this report, both experimental measurements and calculations
are described which are analogous to those that have been made for
hydrostatic pressure. This new work. however, deals with the dependence
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of the ferruelectric paraelectric transition on uniaxial strain rather
than hydrostatic pressure. The experimental work described consists
of measurements of the inverse dielectric of the BaTiO3 ceramic as
a function of uniaxial strain. The uniaxial strains are produced by
shock waves created in ceramic disks, using the impact of a flying
plate to produce the shock. To produce uniaxial strain, the shock pres-
sures are kept below the IIEL of the material, which is approximately
25 kbars (ref 11,13). Temperatures behind these fronts are Just slightly
above room temperature (ref 12).

The inverse dielectric constant is obtaincd from oscillograms of
shock-induced depolarization currents through an effective short
circuit connecting electrodes on the ceramic disk. Thermodynamic
calculations are made for the slope of the inverse dielectric constant
versus strain and also of the transition pressure as a function of
uniaxial strain. The experimental results are in approximate agreement
with the theory. The experimental and calculated results for the shock
pressure are, however, very different from those for hydrostatic pressure,
and it is quite obvious that for the case of uniaxial strain, shock
pressure and hydrostatic pressure, in general, are not equivalent as
far as transitions are concerned.

There is a practical design reason for knowing at what shock
pressure ferroelectric-paraelectric transition occurs. Barium titanate
ceramics are used as piezoelectric power sources for contact fuzing.
The power is developed as a depolarization current produced by an
impact-created shock wave in ceramic. The ferroelectric-paraelectric
transition produces complete depolarization in the ceramic. Knowledge
of the shock pressure at which the transition occurs is an important
asset when designing point-contact fuzes, since the shock pressure
depends on the impact velocity and the impacting materials. Knowl-
edge of this pressure, which produces full depolarization of the
ceramic, is even more important than might first appear, There are
experimcnts which indicate that for strong shocks there is marked
increase in the conductivity of the ceramic element, shorting it, and
thus reducing the charge released by depolarization into an external
load (ref 14). The shock-transition pressure, therefore, is not only
the minimum-pressure for maximum-charge release but also a pressure
above which charge release may he expected to decrense. As a result
maximum charge release is produced over a limited vressure ran:t.

The next section describes and develops the thermodynamic theory
relevant to this report.



2. THERMODYNAMIC THEORY

In a thermodynamic theory, the free energy is expressed as a
function of independent thermodynamic variables. Devonshire (ref 15)
has expressed the Helmholtz's free energy for the case of cubic
symmetry in terms of strains x, polarization P, and temperature T
as,

1 P 2 2 2 P
A(x,P,T)- cl (X + y +z ) + + z X + xx y z 12(Yy z z x XxYy)

+Icp x 2 + y2 + Z l +- X 2 + P2 + 2] g Ex P 2 + yP 2 +ZP 2]
244 x Z x 2 x y +P] 1+ x y y z

2 2 2 2 2 2
+g1 2[Ex x(P x + P z) + z z(P x+ P ) + y (P z+ P' X~

ryzPyP+z P P + x P P ]44 z yz X z x y y x

plus terms of higher order in P. For a ferroelectric material, X" is
a linear function of temperature T; cp etc, are elastic stiffness

constants at constant polarization; Pz, etc, are components of the
polarization; z., etc, are strains; and gil, etc, are electrostrictive
constants. The BaTiO3 ceramic considered here is macroscopically
isotropic material strained by the shock pressure in the z-direction.
The free energy is a special case of the free energy (eq 1). It is

1 it p2 + .1 CP 2 +gzP2z 2
A(x,P,T) x z + z 2 (2)

2 z 2 li z l zz

We refer the free energy to the zero strain, zero polarization state.

The differential free energy is

dA=-SdT-Zdz + E dP, (3)
z z Z z

S is the entropy, Zz a stress component, and Ez an electric-field
component.
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Now the inverse susceptibility at constant strain is defined

as

zz

Use of the Legendre transformation (eq 3) then gives for constant
temperature stress

2

p 2 =(4)

z
z

and we see from (eq 2) that Xz and X" are the same. In cgs units,

z 47r 47T

E is the relative dielectric constant. e - 1 is approximately equal
to E, since for BaTiO3,E>>l. The slope of X z with respect to zz is
twice the D

z
-z •,_--*-z A\ = 2g 1 1 . (5)

dzz - dzz

A similar expression has been obtained for the slope of the
inverse dielectric susceptibility with respect to hydrostatic
pressure, p (ref 9, 16-19). In this case,

3XP 2 , + 201  (6)

where

and Q and Q are again electrostrictive constants. This result
is delhved most easily from the Gibbs elastic function G(X,P,T)
X represents stress components.

The g-electrostrictive constants relate the stress and square

of the polarization of a strain-free material. The Q-electrostrictive
constants relate strain to the square of the polarization. This can
be seen from equations (1) and (4). The stress component Z

Z
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at zero strain is,

i [A P 2 +g + gl2- (7)Zz Z z- +[l z 12P y p

z

At zero stress the strain component, z , is

z D-G = Q+ Q2p(8)
Z Qz11P2  Q12P

2  Q12P
2

These are equations defining the electrostrictive constants. The
Q-constants may be determined directly by measurinrg strains prodLced
by an induced polarization. If,

P P -0,

then

z

-Q11'Q -2 - (9)

and, if P - 0, Px P (10)

then

Z ZQ12 2p2z

x

The Q constants are also related to the inverse susceptibility
versus pressure slope by expression (6). The Q and g constants are
related by the elastic compliances. For a cubic crystal and also
for isotropic material, the relations derived from the expression
for the free energy are (ref 35,20)

Q - = S + 2s + 2

and

+2Q12 -- (S~1  2sp'2) (g, 1 + 2g,2)

The Q electrostrictive constants have been measured directly
both for ceramic and single crystals (Ref 21, 22) using relations
(9) and (10). The g constant can now be obtained from Q constants
using expression (ll]coThe g1 1 constant is related to the slope of
inverse dielectric constant versus uniaxial strain by expression
(5).

11



III su11111 i I' Th V ! 01 ' 1 op iii the % 1-te 40 tit 0IVCt Ve I C 011% alt I V011%%Ilk
hydtlro-k t ~it t t'I C 1) i'V 9n he k sTjli lt e 4 011 t1' 1 lht' 4am0 iuaits 41141 1%'V~rIi

kilIand ith I ie-iiI :kl I~vk' : v:i'li :v; :fil' ~iet 1AIA 1: 0 Vin~t Vo s 1401 1111 d%
I, i a I ft I-ii I t a e ~teit, (11 , e lc'rost-a iaict i ii' voll t 111 dthopi

maeI at t'ou heI o Qs ak I too,u f thctro01 nt Ie anxit ion t vonill th

.i f I i's t o r'do I t r4111 I t I oil t hit I aive 1 .0 1 Ovc it 1 1 k. ktllst 1Ant rptich't c
minimumrti t the, ranits iton Wilth tho vttInc I soll' dlipweimt inuiluok t hort)
For a %veondk ortit'r It rltlw4it to 11 ih~iivor'sC 11i'vet t'ic~ el1t ititn I s

Itg a If .1 1in a i um ait t he 11111144 trans4 i '(It I01 VJAn 141 ji g teoiflp10 I lit ' a It t hJat
po in t . There Is4, however, no dit scont I nu It y I at the* v A In as1 t ho
t ran s t I onl r'e ssu rc uI s tralt 1 1s vi rtwd Ok I t I % Iatnch 0aAI o ,' t I o deI
with the vaso of a sceond orkler trans4it Ion, IDcvunLiS Ivo And ci ohorn
have der ivoi i rea nt Ion prod let Ing the trianits t Ion pressuitre for tilh,
catse of hydrostatic pressure, tasstimitig that the ro'rooloctri e-
paraeloctric transit ion could ho approxIateitd ais A 4econd ordor ono
although the transit ion IT% Baltilo at atmosiphere presisuro I* a fi rlit
order one, There Is fair agrectoint with expertmontal resuilta
(ref 16-1fl). The Devonshire relation 1-4 derived most cnash> from
Gibbs elastic functIoni. A similar relattion f'or uninxial litrain
can al ,o be derived, lit this case it 14 most convenient to usev t he
Helmiholtz free ener~,v. At zero straini the Curie-Weiss lfaw res-ults
from equation (2) If'

T Cis the Curie temperature. From, equation (2), the Inverse
susceptibility at constant strain Is

-p- T Tc T
1 0 C

12)1



I 11111~ 1 AhIh t l t di't (:I JA~P WIST4 11J11411 1 Wi ion " II It I'i 11o ilai t AI Ii

SI I . kho i t tip 111%1111 oil 4%i'ttu I fI% aI P111 IP I I% ( i v t %i , I

A i4 i'

A M" k~Oiti;II "oV,01 I Itp Al% I %II Io a I lipi t~n 1,4141 ilt I iitir Iv il%

If Wo 14Anm A t hat I i t hei *I I rt "I' (u' i 't 1,1 0110I'd t it ro wit I t 11 A I n I' 11 1
1.1 ueot "vot' t ho ianuo lietwoeetilthet' (4111 t lopei'at til lint roonil

t epert u otivitd.t Wi on 16I) lloouine A 1,0114t iti, I I WA t ho Ali I t
o t't Urle tmporipiiratn wi it lit rain.ý

1 -1.ITHEORY OF MIKASUKFNWHI'

'ite dil'lttric icuuwtaiii of Lthe oliot UWU'mpromm Ieoilii whitei
to i% A estate of utiiaxiil estrinl was obtattioA from rec~ords of euvrrnt
vormum tittie. Tilt cuvia etola produticd by the Luepulartraliig effect Of
the whoci wave am it prpija~teN P throughs tho thic.kotiu of Lthe HaT 103
disk. 'rthe L'urrotit iIW)vum through anl effective short ci rcult v olinectilug
electrodes onl tilt dtisk surfaces, 'rthe titak, whowitig electrode arrange-
wooet aod current path, to whhuwn tit figlure 1. 'rte use of two coocet r Ic,
eletrodes lit a guard.'ring arrangeiment eolimloa ranetActiusi waves
from Lthe lateral surface, The shock front Is plante anid parallel to

the electrode It Lthe rgiusi between Lthe frona t Iner atid Lthe back
electrode. 'rthe froot ias a diacreto stop , teaa than 0.,2 imu thicek
lin 5-' and It)-mm aa~nplow. The peassure behkind tilt shock front rematins
constant durtill Lthe transit. time Of all elastic (below thi 111'.1 ~Shock)
fronit. This was verified, Ualugol a quartz shock gaugae of Lthe Graham
type (rot 23). 'fhe initial polarization is' axially directed, Figure
2 ahowa thu crowss section tit detail. We awaUme that conditons behinid
0he front are constant during Lthe t~imei the ahock transits Lthe thickness
of the disk.
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/1

F'igure 1. B~arium titanAto caramic disk with electrodow. (The disks
were 3.81 cm fit diameter And either 0.5 or 1 cm thick),

ExJproadiuns have boon derived and reported praviously for the
current through a short circuit or through a resistive load (rof 12.
24-26). Fur a single front and no dependence of th. dielectric constant
on the field, the curront through a path shunting the electrodes is

i A

t ( + S --) 7  (7

where 6SP. is the change in polarization produced by the shock, t
the transit time of the shock wave between electrodes, and r is the
normalized time, which is the actual time divided by the transit time
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Figure 2.Cross section of disk in region of inner electrode where
plane geometry is valid. ef is the dielectric constantof the shock-compressed region; ci is the initial dielectric
constant of the material before it is compressed, that is
the dielectric constant in front of the shock front; hPs is
the polarization removed by the shock compression.
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I ItIV -2 111 + 81i) " ::1-...(1
ut(it I + S

'Thi dorivativw jumt Qalculaced can be obtainod from the oscilloucope
rurdo of dol'olariuatiUn currolnt veoruo time. Once it is known, S,
tnd cOtamoquontily the ratio of initial to final diolectric constant,

it al&o known, The initial dielectric constant to a known value;
thoreforo, the dielectric conatatit in the shock-compressed region in
de te rmi ned.

4, KXPERIMENTS AND RESULTS

The measurements of dielectric constant versus uniaxial strain
were made on ceramic disks 95-wt percent BaT1O 3 , 5-wt percent CaTiO 3.
They were 3.81 cm in diameter and either 0,5 or 1 cm thick. The
electrodes on the flat surfaces were of vapor-deposited gold. An
elastic (pressure below the HEL) whock front was produced in the disk
by impacting a stationary driving plate of either lead or aluminum,
with a gas gun accelerated plate of plexiglas aluminum, or a
combination of plexiglass and aluminum. The disk was placed against
the stationary plate. The electrodes ware connected through a low
resistance that was effectively a short circuit. The arrangement is
shown in figure 3. Impact velocity was measured, using photocells and
intercepted light beams. The disk was polarized to about 1 percent
of the saturation polarization of the ceramic. This minimized the
magnitude of the internal fields during the time the current pulse was
produced. The internal fields that were estimated were low enough
to avoid shifts in the dielectric constant due to field dependence.
The results thus give essentially the zero-field dielectric constant.
The current pulses were displayed on an oscilloscope and photographed;
photographic records of these current pulses are shown in fig 4.
The vertical direction is current. Time moves from left to right.
Superimposed sine waves are calibration signals. The 5.2-kbar output
shown in figure 4 was generated by the elastic precursor wave in a
1-inch-thick aluminum plate used in place of the lead plate shown
in figure 3. The current pulse produced by the 5.2-kbar front is the
first portion of the pulRe in which the slope is positive; the remaining
pulse was produced by a 60-kbar front.

The peculiar negative and positive leading spikes superimposed
on the main current pulse, generally of swayback trapezoidal form,
are due to the depolarization of surface regions in the ceramic (ref
14,27-29). They are thought to have L dielectric constant relati':ely

16
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independent of the strain for the values of strain Involved in the
measurements and contribute little to the quantity iT in i, except in
the immediate vicinity of the spikes themselves.

Values of uniaxial strain and shock pressure were obtained, using
standard procedures (ref 1) from particle velocity versus shock
velocity data found in the literature (ref 11, 13, 19, 25, 30). When
guarded specimens were used, '_ ln i was obtained from a digital
reduction of waveforms for abkt 10 values of x between 0.2 and 0.8.
These were then averaged and the standard deviation of the values
averaged was calculated. There is always some slight angle (about
4' of arc) between the impacting plates. This results in a small tilt
on the moving front. The effect of tilt on the output current wave-
form is to produce a distortion of the curve form. The analysis by
Wittikindt (ref 24) shows that for intermediate values of r, the
difference in the slope of distorted and undistorted current wave-
forms was minimi.zed. For unguarded arrangement, however, the results
are additiona'J.y distorted for the larger values of T by rarefaction
waves originating at the lateral surfaces. All unguarded specimens
were 0.5 cm thick; when r = 0.2, lateral rarefactions were disturbing
about 7 percent of the area. For this reason, only qualitative results
could be obtained from the unguarded specimens. An exception was the
unguarded 26.kbar shot where a relatively higýh impact velocity produced
a low apparent tilt, allowing a good value of j-ln i to be obtained
from a small value of T. The results and some experimental details
are summarized in Table z.

5. COMPARISON OF THEORY AND EXPERIMENT

There are no direct measurements of g,, for BaTiO3 ceramic.
There is, however, a direct measurement uf Qii due to Schmidt (ref 21)
who directly measured displacement versus polarization for a ceramic
both below and j•ove the Curie point. He obtained a value of
Q1= 0.6 x 10 cm /dyne below the Curie point and 0.7 x 10'12
cm 'dyne above the Curie point. He observed a decrease in value in
the immediate vicinity of the Curie point. Estimates of the electro-
strictive constants for the ceramic are also available, using single
crystal constants andaveraging formulas (ref 22). These are
QI1 = 0.7 x 10-c2 cm mdyne and Q2- -0.2 cn/dyne. There is also
an unpublished estimate of Q 1 and q2 (due to Saxe and quoted by
Schmidt, jef 21): QI 0.64 x 10-12 cm /dyne and -0.138 x
10 cm /dyne.

We can also obtain a value of Q if we know the value of Q

and also the slope of the line of inverse susceptibility versus
hydrostatic pressure in the paraelectric region. The value of @Xl)/ap
obtained from experimental measurements of dielectric constant
versus hydrostatic pressure by Saiari (ref 10) is

19
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' - 2(Q1 + 2Q12) - 0.45 x 10-12 cm2 /dyne . (20)

This value used in conjunction with Schmidt's value for Q ý. yields
QI2  From the literature (ref 31), we obtain values of t Ie elastic

compliances

sli = 8.7 :c 1013 (cgs)

S12 = -2.9 x 10-13 (cgs)

From the relations due to Devonshire and quoted in section 2, we have

2 Q11 QI2 i QII + 2Q 1 2

1 ~ 3 - s12 3 sal + 2912

Table II summarizes the various values of Q, and Q12 and also
calculated values of gI.

Table II. Values of Q and Q for ceramic barium titanite
and value of g calculated from these (g is dimensionless
in cgs units). 1

Qll(Cm2 /dyne) Q1 2 (cm2 /dyne) Source 911

0.7 x 10-12 -0.2 x 10-12 Single crystal average -0.86
(Jona and Shirane)

0.64 x 10-12 -0.14 x 10-12 Saxe -0.86

S12 -12
0.70 x 1012 -0.24 x 10 Schmidt (above 120 0 C) @ -0.80

hydrostatic data

21



I

The value of g11 is thus about -0.84. The predicted value ofII
2g 

8g---i8 4 is - -0. 1 3 (cgs) (22)

z

The value obtaineA by fitting a straight line to the quantitative
results (between 8.5 and 26 kbars) in Table I is

I

-0.11 ± 0.04 (cgs) . (23)az z i

The experimental points and fitted line are shown in figure 5. The
results from shot 1 and shot 2 were considered inadequate for reduc-
tion to numerical values of inverse dielectric constants and are dis-
cused In the next secLion.

From (eq 16), the transition strain at room temperature (23 0 C)
is given by

-(T - TC)41 T
z (24)z 2g1,C "

TC is 112.5 and C 1.5 x 105 (ref 6). On the basis of table II, we
estimate g1 l - -0.84. The transition strain at room temperature is then

z =,-C.0044

The elastic shock velocity in BaTiO3 is approximately 6 x 105
cm/sec and the initial density (p0o) is 5.5 gm/cm3 . Using Hugoniot
relations

- Po U s up, (25)
Pshock

where us and up are shock and particle velocity and

u
z z p -• (26)

we obtain the results that at the transitinn the particle velocity
Up is 2600 cm/sec and the shock pressure, 8.6 kbars.

22
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6. CONCLUSIONS AND DISCUSSION

The agreement between the experimental and calculated value of
the slope of inverse dielectric constant versus strain for the para-
electric region suggests that in the measured region between 8.5 and
26 kbars the ceramic is in a paraelectric stateand that the transition,
therefore, occurs at a shock pressure equal to or below 8.5 kbars.
This is consistent with the calculated shock transition pressure of about
8 kbar and also the value inferred by Doran (ref 11) on the basis of his
experiments and also those of Binder. The consistency between the theory and
what are now considerable experimental results support the contention
that shock-induced ferroelectric-parae~lectric transition occurs at
about 8 kbars at room temperature. This value is quite different from
the value of hydrostatic pressure producing a transition. A relation
predicting the hydrostatic transition pressure at room temperature
(ref 16-19) is

CT - T )4O (
P = 27

+ 2Q1 2 )C

It is analogous to the relation predicting the transition uniaxial
strain. The relation yields the results p = 17 kbars where the value
of 2(Qii + 2Q 12 ) is that obtained from the slope a4.t p for pressures
just above the transition pressure. The slope was obtained from experi-
mental measurements of Samara (ref 10). This result is in fairly good
agreement with the transition pressure 20.1 + 0.2 (ref 9) obtained
from measurements of four samples of ceramic BaTiO3 (5-wt percent
CaTi0 3 ) and three samples of technical grade BaTiO3 , ceramic. It
should be emphasized that the effect of the calcium additive on the
transition pressure was small-the two materials exhibiting essentially
the same 20-kbar transition pressure.

It should be mentioned here that the linear relation used to
calculate the strain has been assumed to hold over the full range
between the room temperature and the transition temperature. This
assumption has been experimentally verified for the case of hydrostatic
pressure (ref 6).

Examination of c as a function of hydrostatic pressure (ref 6-9)
indicates clearly that at the transition pressure the value of 1/c
is relatively large. The results of the shock-compression measurements
as seen in figure 5 appear inconsistent with the assumption 1/c-0 at
the transition. This inconsistency can be explained by assuming
that the measured capacitance at a transition is the value of non-
ferroelectric capacitance layer electrically in series with the capacity
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Measurements on BaTiC ceramic were made of inverse dielectric
constant versus uniaxial sirain for values of strain ranging between
1.0043 and -0.013. The strain was produced in the region behind a

shock front generated in a slab of the material by impacting it with a
flying plate. The plate was accelerated in a gas gun. The slabs were
disks with electrodes on the flat surfaces. The normal stress produc-
ing these strains ranged between 8.5 and 26 kbars. The dielectric con-
stant was obtained from oscillograms of the shock-induced depolariza-
tion current through a circuit connecting thc electrodes. A straight
line was fitted to the curve of inverse dielectric constant versus
strain. The slope of the line was -0.11 * 0.04. The~rmodynamnic theory
was used to calculate this slope assuming the material was in the para-
electric phase for the range of experimental shock pressures. The
calculated value was-0.13. The calculated value is in agreement with
the experimental value and the assumption that the material is in the
;)araelectric phase for shock pressures between 8.5 and 26 kbars. The
agreement implies that the transition at approximately room temperature
is produced by a shock pressure less than or equal to about 8.5 kbars.-
This is markedly different from the experimental icsults for hydro-
static pressure where the transition occurs at 20 kbars at room
temperature, and the material is in its paraelectric phase above 20 kbars.
In both cases the temperature is approximately room temperature. The
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transition strain and shock pressure was calculated using thermodynamic
theory and assuming that the transition could be approximated as a
second order one. The result was a transition strain of -0.0044 and a
transition shock pressure of 8.6 kbars. This is consistent with the
preceding results and also supported by experimental findings by Doran
who observed a discontinuity in sound velocity at that shock pressure.
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